plays an important role in smooth muscle relaxation and phenotypic regulation. However, the transcriptional regulation of sGC gene expression is largely unknown. It has been shown that sGC expression increases in pulmonary arteries from chronic hypoxia-induced pulmonary hypertensive animals. Since the transcription factor NFATc3 is required for the upregulation of the smooth muscle hypertrophic/ differentiation marker ␣-actin in pulmonary artery smooth muscle cells from chronically hypoxic mice, we hypothesized that NFATc3 is required for the regulation of sGC-␣1 expression during chronic hypoxia. Exposure to chronic hypoxia for 2 days induced a decrease in sGC-␣1 expression in mouse pulmonary arteries. This reduction was independent of NFATc3 but mediated by nuclear accumulation of the mRNA-stabilizing protein human antigen R (HuR). Consistent with our hypothesis, chronic hypoxia (21 days) upregulated pulmonary artery sGC-␣1 expression, bringing it back to the level of the normoxic controls. This response was prevented in NFATc3 knockout and cyclosporin (calcineurin/NFATc inhibitor)-treated mice. Furthermore, we identified effective binding sites for NFATc in the mouse sGC-␣1 promoter. Activation of NFATc3 increased sGC-␣1 promoter activity in human embryonic derived kidney cells, rat aortic-derived smooth muscle cells, and human pulmonary artery smooth muscle cells. Our results suggest that NFATc3 and HuR are important regulators of sGC-␣1 expression in pulmonary vascular smooth muscle cells during chronic hypoxia-induced pulmonary hypertension. human antigen R; nuclear factor of activated T cells isoform c3 THE NITRIC OXIDE (NO) signal transduction pathway plays an important role in smooth muscle (SM) relaxation and phenotypic regulation, and it has been an intensively investigated field for more than two decades. NO activates soluble guanylyl cyclase (sGC) that subsequently produces guanosine 3Ј,5Ј-cyclic monophosphate (cGMP). sGC is a heterodimer composed of two subunits, ␣ and ␤, of which four types exist (␣1, ␤1, ␣2, and ␤2). Cloning and expression experiments have demonstrated that both ␣-and ␤-subunits are required for sGC activity (20, 42) . However, expression of the ␤1-subunit is somewhat invariant, whereas alterations in the expression of the ␣-subunit(s) may be an important physiological control mechanism (69).
THE NITRIC OXIDE (NO) signal transduction pathway plays an important role in smooth muscle (SM) relaxation and phenotypic regulation, and it has been an intensively investigated field for more than two decades. NO activates soluble guanylyl cyclase (sGC) that subsequently produces guanosine 3Ј,5Ј-cyclic monophosphate (cGMP). sGC is a heterodimer composed of two subunits, ␣ and ␤, of which four types exist (␣1, ␤1, ␣2, and ␤2). Cloning and expression experiments have demonstrated that both ␣-and ␤-subunits are required for sGC activity (20, 42) . However, expression of the ␤1-subunit is somewhat invariant, whereas alterations in the expression of the ␣-subunit(s) may be an important physiological control mechanism (69) .
The intracellular actions of cGMP are primarily mediated by cGMP-dependent protein kinases (PKG), but several types of cGMP-activated ion channels also appear to be involved (18, 47) in the regulation of the SM relaxation. However, the pathways controlled by cGMP levels are complex due to the existence of several phosphodiesterases (PDE), which hydrolyze cGMP (59) .
In addition to its vasodilator action, NO/sGC/PKG signaling also has been shown to antagonize the proliferative responses of growth factors and vasoactive peptides such as endothelin-1 (ET-1) in vascular smooth muscle cells (VSMC) (6, 21) . In addition, NO/sGC/PKG signaling has been shown to induce differentiation (contractile phenotype) of VSMC through the upregulation of myosin heavy chain 2, SM ␣-actin, and SMcalponin (4, 8, 46, 47) . PKG also has been reported to inhibit proliferation of SM in pulmonary arteries (10) . Consistently, several studies have shown that sGC mRNA, protein, and enzyme activity are upregulated in pulmonary arterial smooth muscle cells (PASMC) from chronic hypoxia (CH)-induced pulmonary hypertensive animals (31, 44, 45, 73) . The administration of BAY 63-2521 (activator of sGC) partially reversed pulmonary hypertension and the structural remodeling of the lung vasculature (73) . In addition, administration of PDE isoform 1 inhibitor 8-methoxymethyl 3-isobutyl-1-methylxanthine reversed the increased pulmonary arterial pressure and arterial remodeling in two models of pulmonary hypertension (74) . These studies suggest that the pulmonary hypertension and arterial remodeling might be even more severe without the upregulation of sGC. However, the transcriptional regulation of sGC gene expression is largely unknown. Only recently has a detailed description of the human sGC-␣1 and -␤1 (52, 76) and the mouse sGC-␣1 (81) promoters been reported. However, considerable information is now available regarding the mechanism of posttranscriptional control of sGC-␣1. Among posttranscriptional events, mRNA turnover is emerging as a critical paradigm of gene regulation through the mRNA-stabilizing protein human antigen R (HuR). This member of the embryonic lethal abnormal vision (ELAV) protein family is a ligand for mRNAs containing adenosine/uridine-rich elements located in the 3Ј-untranslated regions of certain mRNA (for review, see Refs. 15, 30, 70, 79, 86) . Unlike other members of the ELAV family (HuB, HuC, and HuD), which are exclusively found in neuronal tissue, HuR is ubiquitously expressed (24, 50) . Klö ss and colleagues (39, 41) have demonstrated that sGC-␣1 expression is posttranscriptionally regulated by HuR (64) .
Since we have demonstrated that the transcription factor NFATc3 (nuclear factor of activated T cells isoform c3) is required for upregulation of one of the SM hypertrophic/ differentiation markers, SM ␣-actin, in PASMC from CHinduced pulmonary hypertensive mice (12), we propose that NFATc3 is similarly required for the regulation of sGC-␣1 expression during CH. NFATc3 is a member of the NFATc family of transcription factors, along with NFATc1, NFATc2, and NFATc4, that share the property of Ca 2ϩ /calcineurindependent nuclear translocation (reviewed in Refs. 28, 29, 66) . The NFATc3 isoform is specifically implicated in vasculature development (25, 26) , maintenance of SM contractile phenotype (22, 58) , and regulation of VSMC contractility (1, 57) .
We found that sGC-␣1 expression in mouse pulmonary arteries has a biphasic response to CH. sGC-␣1 expression is initially decreased after 2 days of CH exposure, whereas its expression recovers to normoxic control values after 21 days of CH exposure. The initial decrease is independent of calcineurin/NFATc3. Our results suggest that increased nuclear accumulation of HuR limits the stabilization of sGC-␣1 mRNA by cytosolic HuR, which then results in decreased sGC-␣1 expression. The recovery in sGC-␣1 expression observed after 21 days of CH requires calcineurin/NFATc3, because it is prevented in NFATc3 knockout (KO) and cyclosporin A (CsA)-treated mice. In addition, we found that NFATc3 binds to the mouse sGC-␣1 promoter both in vivo and ex vivo. Activation of NFATc3 increases sGC-␣1 promoter activity in human embryonic kidney (HEK-293) cells, rat aortic SMC (RAoSMC), and human PASMC. Our results demonstrate that HuR and NFATc3 are important regulators of sGC-␣1 expression in PASMC.
EXPERIMENTAL PROCEDURES
All protocols employed in this study were reviewed and approved by the Institutional Animal Care and Use Committee of the University of New Mexico School of Medicine (Albuquerque, NM).
Animals. Adult male FVBN, NFATc3 KO, and Balb/C wild-type (WT) mice (20 -25 g) were used. NFATc3 KO mice were kindly provided by Dr. Laurie Glimcher (Harvard University, Boston, MA) (60) . Heterozygous mice were bred to obtain age-matched WT (Balb/C) and KO mice. Importantly, it has been shown that loss of the NFATc3 isoform does not induce a compensatory regulation of other NFATc isoforms (88) . Mice were administered 18 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 of CsA (Calbiochem) in food treats (BioServe) for 2 or 21 days.
Chronic hypoxia exposure. Animals designated for exposure to CH were housed in a hypobaric chamber with barometric pressure maintained at ϳ380 mmHg for 2 or 21 days. The chamber was opened one time per week to provide animals with fresh food, water, and clean bedding. Control animals were housed at ambient barometric pressure (normoxia, ϳ630 mmHg). All animals were maintained on a 12:12-h light-dark cycle.
Isolation of intrapulmonary arteries. Mice were anesthetized with pentobarbital sodium (Sleepaway; 200 mg/kg ip). Lungs were removed and placed in ice-cold HEPES-PSS solution. Intrapulmonary arteries (1st, 2nd, and 3rd order) were isolated and cleaned from the adventitia.
Quantitative real-time PCR. Intrapulmonary arteries (2nd and 3rd order) were stored in RNAlater (Ambion). Total RNA was isolated using the RNeasy mini kit (Qiagen) following the manufacturer's protocol. Total RNA was reverse transcribed to cDNA using a High-Capacity reverse transcription kit (Applied Biosystems). For real-time detection of target genes mouse sGC-␣1, mouse HuR, and reference gene mouse ␤-actin, TaqMan gene expression assays (Applied Biosystems) were used. PCR was performed using Applied Biosystems 7500 fast real-time PCR system. The normalized gene expression method (2 Ϫ⌬⌬CT ) for relative quantification was used (48) . ␤-Actin was used as an endogenous control because its expression is not affected by CH, as we (12) previously demonstrated.
Western blot analysis. Isolated intrapulmonary arteries (1st to 4th order) were homogenized in lysis buffer (10 mM Tris ⅐ HCl, pH 7.4, 1 mM EDTA, 1% IGEPAL, 0.1% sodium deoxycholate, 500 nM sodium orthovanadate, 50 nM NaF, 1 g/ml pepstatin/leupeptin/ aprotinin, and 1 mM PMSF) at 4°C and centrifuged at a relative centrifugal force of 16,000 g for 2 min. Protein concentration was determined in the supernatant using Bradford's method (Bio-Rad) as recommended by the manufacturer. Supernatants (2-20 g/lane) were resolved by SDS-PAGE, and proteins were transferred to polyvinylidene difluoride membranes. After being blocked for nonspecific binding, the membranes were incubated with primary anti-sGC-␣1 antibody (1:100; Cayman) or anti-␤-actin antibody (1:5,000; Sigma) at 4°C overnight, washed, and incubated with a peroxidase-conjugated secondary antibody (Pierce) for 1 h at room temperature. Specifically bound antibody was detected by enhanced chemiluminescence detection (ECL; Pierce). Relative content of the antigen protein was evaluated using a GeneGnome imaging system and GeneSnap software (Syngene, Cambridge, UK). Band densities were normalized to total protein loaded per lane as determined by Coomassie blue (Bio-Rad) staining of the membrane (NIH Image software). ␤-Actin was used as an endogenous control because its expression is not affected by CH, as shown in Fig. 2B and as we (12) (12a) . The protein G Dynabeads were washed and incubated with proteinase K (30 g) and 0.1% SDS at 55°C for 30 min, and coimmunoprecipitated total RNA was purified using the RNeasy mini kit (Qiagen). The negative control was performed in the absence of antibody. RNA (30 ng) was reverse transcribed to cDNA, and sGC-␣1 mRNA was quantified by real-time PCR (see Quantitative real-time PCR). The relative change in sGC-␣1 mRNA binding to HuR was calculated using the comparative threshold method (⌬⌬CT) with input DNA as the reference. CT in the negative control samples was consistently higher than in the presence of primary antibody.
Cell culture. Tet-inducible HEK-293 cells (Clontech), which constitutively express reverse tetracycline trans-activator protein (rtTA), were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% Tet system approved fetal bovine serum (FBS), 4 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.2 mg/ml G418 (Mediatech). Primary human pulmonary arterial smooth muscle cells (HPASMC) obtained from ScienCell were cultured in ScienCell HPASMC culture medium containing 2% FBS. RAoSMC were obtained as described previously (79) and cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. HPASMC and RAoSMC were used between passages 2 and 8. All cell types were cultured at 37°C in a humidified atmosphere of 95% O2-5% CO2.
Plasmids. Mouse sGC-␣1 promoter-luciferase reporter plasmid (sGC-luc, pGL3 backbone vector) was kindly provided by Dr. Roberto Vazquez-Padron (University of Miami, Miami, FL) (81) . pGL3 luciferase reporter empty plasmid (Promega) was used as control. Tet-inducible-operated EGFP-NFATc3 plasmid (Tet-Op-NFATc3) (22) was used to overexpress NFATc3. NFATc dominant negative plasmid (DN-NFAT, pBluescript backbone vector) was kindly provided by Dr. Mercedes Rincon (University of Vermont, Burlington, VT). TK-Renilla-luciferase reporter plasmid (Renilla-luc; Promega) was used as a transfection efficiency control and to normalize luciferase activity.
Transient transfections. HEK-293 cells, HPASMC, and RAoSMC were plated at 80% confluency on 24-well plates. The cells were transfected to express exogenous DNA using Superfect (Qiagen) according to the manufacturer's instructions, with a total of 0.5 g of plasmid DNA and 15 ng of Renilla-luc. To activate the overexpression of NFATc3, we treated HEK-293 cells after transfection with doxycycline (DOX; 2 g/ml). The next day, HEK-293 cells were treated with ionomycin (Io; 1 M) for 24 h in the presence or absence of CsA (1 M). After treatments, cells were harvested for chromatin immunoprecipitation (ChIP) assay or dual-luciferase assay. HPASMC or RAoSMC were FBS deprived for 24 h before treatment with Io with or without CsA. Luciferase activity was determined using the dualluciferase reporter assay system (Promega) following the manufacture's recommendations.
ChIP assay. ChIP assay was performed using ChIP-IT Express (Active Motif) according to the manufacturer's instructions. Isolated pulmonary arteries from WT mice exposed to 21 days of CH and Io-treated Tet-Op-NFATc3/ sGC-luc-transfected HEK-293 cells were fixed with 1% formaldehyde in PBS at room temperature for 10 min to cross-link DNA and proteins. The cross-linking reaction was stopped by adding glycine stop-fix solution. Tissues and cells were lysed in lysis buffer containing a protease inhibitor mixture and homogenized on ice. The lysate was sonicated to shear DNA to lengths between 200 and 1,000 bp. A fraction of the sheared chromatin/lysate was DNA purified and used as control in the later PCR analysis (input DNA). The remaining sheared chromatin/lysates were diluted and incubated with polyclonal anti-NFATc3 (Santa Cruz Biotechnology) and with nonimmune antibody as a preimmune negative control. Immunoprecipitated chromatin was captured with protein G magnetic beads. After washes and elution steps, cross-links were reversed at 65°C for 4 h and proteinase K digestion. An aliquot of the immunoprecipitated DNA (NFATc3 and negative antibody) and 1:10 dilution of the input DNA, as suggested by the manufacturer, were amplified by PCR with specific primers (described below) and analyzed on 3% agarose gel.
Putative NFATc binding sites were determined using Patch 1.0 public software (Biobase) and MatInspector (Genomatix) over the sequence of sGC-␣1 promoter (GenBank accession no. AY116663). Each putative site was designated with a number.
The DNA obtained by ChIP was analyzed by semiquantitative PCR using the following primers (IDT) designed for the different putative NFATc binding sites. Primer sequences and fragment sizes were as follows: site 1ϩ2, forward 5Ј-CAG TGT CAG ACC TGA AGA TGC TGTCTA CAC TGA TGT CCC TCT TTC CCA-3Ј and reverse 5Ј-CTA CAC TGA TGT CCC TCT TTC CCA-3Ј (104 bp); site 3ϩ4, forward 5Ј-CTT CAA GAT CCC ACA CTG ACA CCA-3Ј and reverse 5Ј-TCA GAC CAT GAA CGT AAG GCC CAA-3Ј (206 bp); site 4, forward 5Ј-GGC CTT ACG TTC ATG GTC TGA GAA-3Ј and reverse 5Ј-CAT GAA CTT CTC TTA GTT CAG CAG-3Ј (68 bp); site 5, forward 5Ј-GAA TTG CTC TGG GAG TAA GAG AAG C-3Ј and reverse 5Ј-AAG ATG GAA CCA AAC CTC GTA GGT CC-3Ј (120 bp); site 5ϩ6, forward 5Ј-TGC TCT GGG AGT AAG AGA AGC TTT GG-3Ј and reverse 5Ј-ACA GCT ACA GGA ACC AGG GAA ACT-3Ј (139 bp); site 7, forward 5Ј-TGT AGC TGT CTT GGC ATT TCT GGC-3Ј and reverse 5Ј-TCG ACT CAT CAT CGA CTC TGG TCT-3Ј (169 bp); and site 8, forward 5Ј-CCA CCC AAG GAG AAA GAA AGT TCC-3Ј and reverse 5Ј-ACA CAC ACA CAC ACA TAG CAG GGA-3Ј (179 bp). Positive and negative primers were purchased from Active Motif for PCR quality control.
Site-directed mutagenesis of sGC promoter. Site-specific mutation of NFATc binding site 3 in the sGC-␣1 promoter was carried out using a QuickChange system (Stratagene) according to the manufacturer's protocol. Primers were designed for the mutated site 3: forward 5Ј-TGC TTT ACA TTA TGA GTC CCT TTG TTT TTG TAA CCT TTT GGG CCT TAC G-3Ј and reverse 5Ј-CGT AAG GCC CAA AAG GTT ACA AAA ACA AAG GGA CTC ATA ATG TAA AGC A-3Ј. The mutation in the binding site was confirmed by DNA sequencing.
Immunofluorescence confocal microscopy. Isolated lungs were fixed with Histochoice (Amrefco). Lungs were cryoprotected with 30% sucrose in PBS, embedded in OCT medium, and frozen. Cryostat sections (10 m) were permeabilized and blocked for nonspecific binding, and primary antibodies [rabbit polyclonal anti-HuR; 1:100 (Santa Cruz Biotechnology) and anti-␣-actin; 1:250 (Sigma)] were prepared in 0.2% gelatin in PBS and applied overnight at 4°C. Secondary antibodies [anti-rabbit Cy5 and anti-mouse Cy3; 1:500 (Jackson ImmunoResearch Laboratories)] were prepared in 0.2% gelatin in PBS and applied for 1 h at room temperature. Nuclei were stained using SYTOX green (1:5,000 in PBS; Molecular Probes). Sections were examined using a ϫ40 objective on a META Zeiss 510 laser scanning confocal microscope. Specificity of immune staining was confirmed by the absence of fluorescence in tissues incubated with primary or secondary antibodies alone. For scoring of HuRpositive nuclei, multiple fields for each vessel were imaged and counted by two independent observers using MetaMorph software (Universal Imaging). The software was programmed so that individual pixels would appear white instead of yellow if the green nucleic acid stain and red HuR stain colocalized. Thus a cell was considered positive if colocalization (white) was uniformly distributed in the nucleus and negative if no colocalization (green only) was observed (12, 17, 23) .
Statistical analysis. Data are means Ϯ SE. Statistical significance was tested at 95% (P Ͻ 0.05) confidence level using unpaired t-test or one-way or two-way ANOVA followed by the Student-NewmanKeuls method.
RESULTS

CH induces an initial decrease in sGC-␣1 expression in mouse pulmonary arteries that recovers after 21 days of exposure: role of calcineurin/NFATc3 and HuR.
Recently, we reported the novel finding that NFATc3 is maximally activated in pulmonary arteries from mice exposed for 2 days to CH, remaining active even at 21 days of exposure (12) . In the same study, we demonstrated that NFATc3 is required for CHinduced increases in pulmonary arterial wall thickness and associated SM ␣-actin upregulation. In addition, we have previously shown that NFATc3 contributes to the maintenance of VSMC contractile phenotype (22) .
sGC is downregulated during conditions in which VSMC becomes dedifferentiated or is converted to a synthetic phenotype (reviewed in Ref. 54 ). However, sGC levels and activity have been shown to be upregulated in PASMC from CHinduced pulmonary hypertensive mice and rats (31, 44, 45) . The mechanism that leads to increased sGC expression is unexplored. Thus we hypothesized that NFATc3 regulates sGC-␣1 expression in mouse pulmonary arteries during CH. To address this hypothesis, we measured sGC-␣1 mRNA levels in pulmonary arteries isolated from vehicle (V)-and CsA-treated FVBN mice exposed to normoxia and to 2 and 21 days of CH. CsA is an immunosuppressant that inhibits calcineurin, the Ca 2ϩ /calmodulin-dependent phosphatase that dephosphorylates NFATc, allowing its nuclear import (66) .
Interestingly, we found that there was an approximately twofold reduction in pulmonary arterial sGC-␣1 mRNA levels after 2 days of CH in both V-and CsA-treated mice (Fig. 1) compared with normoxic arteries. These results suggest the decrease is independent of calcineurin/NFATc activation, despite NFATc3 being maximally activated after 2 days of CH (12) . Longer exposure to CH, 21 days, induced a significant increase in sGC-␣1 mRNA from the levels observed at 2 days (ϳ3-fold) that was even higher than the levels of sGC-␣1 mRNA in normoxic control arteries (1.7-fold). The recovery of sGC-␣1 mRNA levels to control values (or higher) was only observed in V-treated mice (Fig. 1) . No differences were observed between normoxic V-and CsA-treated mice. These results suggest that the recovery and small but significant increase in sGC-␣1 are dependent on calcineurin/NFATc activation.
Since we have previously demonstrated that NFATc3 is the isoform activated by CH (12), we evaluated sGC-␣1 mRNA levels in NFATc3 KO and WT littermates exposed to normoxia and to 2 and 21 days of CH. We also measured sGC-␣1 protein levels using Western blot analysis in NFATc3 KO and WT littermates exposed to normoxia and 21 days of CH. sGC-␣1 mRNA and protein were significantly lower in NFATc3 KO compared with WT mice under normoxic conditions (Fig. 2, A  and B) . Similar to the previous experiment, sGC-␣1 mRNA levels were significantly lower (ϳ2.5-fold) after 2 days of CH in WT mice compared with normoxic WT (Fig. 2A) . However, there was no difference between 2-day CH-exposed NFATc3 KO and normoxic NFATc3 KO mice. These results demonstrate that NFATc3 is necessary for basal sGC-␣1 normoxic expression and that the low level of expression in its absence is not further reduced by 2 days of hypoxia.
Consistent with our hypothesis and CsA experiments, sGC-␣1 expression recovered to normoxic levels after 21 days of CH only in pulmonary arteries from CH NFATc3 WT mice ( Fig. 2A) , suggesting NFATc3 is required for both basal sGC-␣1 expression and the recovery phase induced by longterm exposure to CH. Similar results were obtained for protein levels (Fig. 2B) . In this strain of mice (Balb/C), we did not observe a further increase in either sGC-␣1 mRNA or protein in pulmonary arteries from 21-day CH WT (Balb/C) compared with normoxic mice as observed in V-treated FVBN mice. This is probably due to differences in the genetic backgrounds between FVBN and Balb/C mice. However, both strains responded with an increase in sGC-␣1 mRNA levels after the reduction induced by 2 days of CH.
Modulation of mRNA turnover by HuR is an important regulatory pathway of posttranscriptional control of gene expression (for review, see Refs. 15, 30, 70, 79, 86) . Cytosolic HuR accumulation has been linked to the mechanism of stabilization of the mRNAs (15) . Furthermore, sGC-␣1 mRNA is posttranscriptionally regulated by HuR in VSMC (39, 41) . To address whether posttranscriptional control of gene expression is involved in CH (2 days)-induced downregulation of sGC-␣1, HuR mRNA levels and nuclear localization were determined in isolated pulmonary arteries from the two different strains of mice used in these studies (FVBN and Balb/C). No differences in HuR mRNA were observed in either strain of mouse after exposure to normoxia or to 2 and 21 days of CH (Fig. 3, A and  B) . However, HuR nuclear localization increased after 2 days of CH exposure and returned to normoxic levels after 21 days of CH (Fig. 4, A-C) .
To further demonstrate that a reduction in HuR-mediated sGC-␣1 mRNA stabilization is the underlying mechanism of CH (2 days)-induced reduction in sGC-␣1 expression, we performed immunoprecipitation assays. Intrapulmonary artery lysates from normoxia-and CH (2 days)-exposed NFATc3 WT (Balb/C) mice were immunoprecipitated with anti-HuR anti- body or no antibody (no primary control), and coimmunoprecipitated sGC-␣1 mRNA was measured by real-time PCR. CH (2 days) significantly reduced the amount of sGC-␣1 mRNA coimmunoprecipitated with HuR (Fig. 4D) . Together, these results suggest that short-term exposure to CH leads to an increase in nuclear HuR (i.e., decreased cytosolic HuR that binds to sGC-␣1 mRNA), which mediates a reduction in sGC-␣1 mRNA stability and expression. On the other hand, NFATc3 is required for the recovery phase of sGC-␣1 expression in pulmonary arteries exposed to long-term CH.
NFATc binding sites in mouse sGC-␣1 promoter sequence. To characterize the sGC-␣1 transcriptional system, in silico analysis of the 5Ј-flanking region of the Mus musculus sGC-␣1 gene [accession no. AY116663 (81)] was performed. Eight potential NFATc binding sites were identified by Patch 1.0 (Biobase) and designated with numbers, as shown in Fig. 5 . MatInspector release Professional 7 software detected one site for NFATc, which is identical to site 3 recognized by Patch analysis. These programs use previously described NFATc consensus sequences (GGAA, AAGTGA, TTTTCC, TCAGCA, AGAAATTCC, GGAGCC) (66) .
To confirm the results of in silico analysis of the mouse sGC-␣1 promoter, we performed ChIP assays in isolated pulmonary arteries of three FVBN mice exposed to CH for 3 wk. The DNA samples were analyzed by PCR using primers designed to amplify all the putative binding sites (see ChIP assay in EXPERIMENTAL PROCEDURES for primer sequences). Unfortunately, in some cases it was not possible to design efficient primers that would amplify individual sites. As a negative control for the PCR, we used negative control primers suggested by the kit's manufacturer designed to amplify a silent DNA region. Figure 6A presents the putative binding sites that were positive for NFATc3 binding. Figure 6B is a representation of three experiments showing the amplicon for binding site 3ϩ4, which was clearly enriched in every assay performed, and the control PCR products corresponding to no immune antibody, input DNA, and negative control primers. PCR primers originated the expected product length. The intensity of the bands was reproducibly higher in the DNA immunoprecipitated with NFATc3 antibody than the DNA immunoprecipitated using nonimmunogenic antibody. In contrast, PCR amplifications using negative control primers on the same DNA template did not show any comparative enrichment.
NFATc activation increases mouse sGC-␣1 promoter activity. Since putative NFATc binding sites were identified in the mouse sGC-␣1 promoter by in silico analysis and confirmed with the in vivo ChIP assay, we investigated whether NFATc acts as a trans-activator of the mouse sGC-␣1 promoter in RAoSMC, HPASMC, and HEK-293 cells. To test promoter activity, we inserted the 5Ј-flanking region of sGC-␣1 gene into the pGL3 vector upstream of the luciferase gene to yield sGC-luc plasmid.
RAoSMC and HPASMC were transiently transfected with the sGC-luc plasmid, serum deprived for 24 h, and stimulated with 1 M Io Ϯ 1 M CsA. NFATc activation with Io induced a significant increase in reporter activity that was prevented by CsA in both sources of SMC ( fig. 7, A and B) .
To address whether NFATc3 is capable of trans-activating mouse sGC-␣1 promoter, we transiently transfected HEK-293 cells with Tet-Op-NFATc3 and sGC-luc. To overexpress NFATc3, we added DOX to one-half of the plate. NFATc3 was activated with Io (1 M) for 24 h in the absence or presence of CsA (1 M) pretreatment. Consistent with the results from SMC, sGC-␣1 promoter activity increased significantly in NFATc3-overexpressing activated HEK-293 cells (Fig. 8A) . In addition, the inhibition of the calcineurin/NFATc pathway with CsA prevented this increase. A similar response was obtained in HEK-293 cells that were not overexpressing NFATc3 (see below), although, as expected, basal sGC-␣1 promoter activity was lower than in NFATc3 overexpressing cells [relative luciferase units/relative Renilla units (RLU/RRL): overexpressing, 3.24 Ϯ 0.14 vs. nonoverexpressing, 1.65 Ϯ 0.04; n ϭ 6, P Ͻ 0.05]. Consistent with these findings, a DN-NFAT plasmid clearly prevented Io-induced increases in reporter activity (Fig. 8B) . Together, these results suggest that NFATc3 regulates sGC-␣1 promoter activity.
Every cell type transfected with the empty plasmid of the sGC-luc (pGL3) showed no differences in luciferase activity after stimulation with Io (data not shown).
As To confirm the results from the in vivo ChIP, we performed ChIP assays on Io-treated HEK-293 cells overexpressing NFATc3 and transfected with sGC-luc. As described earlier, negative control primers were used to amplify a silent DNA region. Figure 9A indicates the putative binding sites that were positive for NFATc3 binding. The results were very consistent with the in vivo ChIP assay shown in Fig. 6 . In particular, site 3ϩ4 clearly binds NFATc3 (Fig. 9B) . PCR amplifications using negative control primers on these same DNA templates did not show any comparative enrichment. The remaining putative binding sites were not clearly positive and therefore are not considered as potential NFATc3 binding sites at this time.
A point mutation on NFATc binding site 3 drastically decreases mouse sGC-␣1 promoter activity. NFATc3 binding site 3 (Fig. 5) was chosen based on the fact that it was identified by both MatInspector and Patch and consistently bound NFATc3 in both pulmonary arteries and HEK-293 cells (Figs. 6 and 9 ). Thus we studied the importance of this site in the regulation of sGC-␣1 promoter activity by mutating the site in the sGC-luc plasmid. The new plasmid was designated sGC-MUT-luc. HEK-293 cells were transfected with sGC-MUT-luc and treated with or without 1 M Io for 24 h in the presence or absence of CsA. To compare the activity of both constructs, we took care to use the same quantity and ratio of plasmid DNA/transfection reagent. Figure 8A shows that sGC-MUT-luc transfected cells had markedly reduced sGC-␣1 promoter activity compared with sGC-luc (WT)-transfected cells. In addition, the effect of Io was absent, demonstrating that NFATc binding site 3 is of primary importance in the transcriptional regulation of mouse sGC-␣1 gene. The deletion did not introduce any new binding sites as confirmed by sequence analysis with MatInspector and Patch software. Similar results were obtained in SMC (data not shown). 
DISCUSSION
This is the first study demonstrating that NFATc3 regulates sGC-␣1 expression. In addition, it confirms that mouse sGC-␣1 expression is regulated by HuR as has been shown previously in rats (39 -41, 64) . The analysis of the mouse sGC-␣1 promoter showed several putative NFATc binding sites. Mouse sGC-␣1 promoter reporter studies have demonstrated that NFATc3 activation enhances promoter activity, which is dependent on calcineurin. NFATc3 clearly binds to at least three regions in the promoter. Interestingly, site-directed mutagenesis of one of the NFATc binding sites in the mouse sGC-␣1 promoter drastically decreased both basal reporter activity and NFATc-mediated activation of the promoter. Together, these results demonstrate that NFATc3 is a positive regulator of sGC-␣1 expression through direct binding to the promoter of this gene, supporting previous evidence that NFATc3 is an important regulator of VSMC differentiated phenotype.
sGC-␣1 expression in pulmonary arteries was initially decreased by CH exposure (2 days), but it recovered to normoxic levels after 21 days. The initial decrease was not dependent on NFATc3, because neither calcineurin/NFATc inhibition with CsA nor genetic ablation of NFATc3 prevented the downregulation. However, the recovery was dependent on NFATc3, because it did not occur in either CsA-treated or NFATc3 KO mice. 6 . NFATc3 binds to several sites in mouse pulmonary arterial sGC-␣1 promoter. A: summary of results of chromatin immunoprecipitation (ChIP) assays on isolated pulmonary arteries from FVBN mice exposed to CH for 3 wk. Data show the number of assays that were positive (enrichment) over the total number of assays (animals). B: PCR products from the chromatin/protein complexes immunoprecipitated with NFATc3 antibody or nonimmunogenic antibody (Neg Ab). Nonimmunoprecipitated DNA was used as input DNA. Paddenberg et al. (63) have showed that proliferative activity of pulmonary arterial SMC increased by 34% at day 4 in mice held under CH compared with normoxia, leveling off within 3 wk, although arterial wall thickness was increased. Therefore, the initial reduction in sGC-␣1 expression may be consistent with other reports showing sGC downregulation under conditions of VSMC dedifferentiation or conversion to a synthetic/proliferative phenotype (reviewed in Ref. 54 ). Interestingly, sGC downregulation has been reported in the vasculature of different models of systemic hypertension (38, 49, 71) , in pulmonary arteries from pulmonary hypertensive fetal lambs (80) , and in hypoxia-exposed rat PASMC in culture (27) . However, neither these studies nor our study have determined whether the reduction in sGC expression correlates with increased smooth muscle proliferation or dedifferentiation, and this needs to be further investigated. In addition, the mechanism of this downregulation was not previously explored. Both transcriptional (independent of NFATc) as well as posttranscriptional mechanisms could have contributed to the observed downregulation.
It has been demonstrated that sGC-␣1 expression is posttranscriptionally modulated by HuR (39 -41, 64 ). The precise mechanisms whereby HuR mediates mRNA stabilization are still poorly understood. HuR is predominantly localized in the nucleus of most unstimulated cells but can translocate to the cytoplasm on cell stimulation, a process that has been linked to the stabilization of many target mRNAs (15) . Furthermore, a reduction in sGC-␣1 expression in old spontaneously hypertensive rats compared with age-matched controls has been demonstrated to be due to HuR downregulation (40) . Our findings are in agreement with these reports. Although no changes were observed in HuR mRNA levels in pulmonary arteries between 2-day CH and normoxic mice, nuclear localization of HuR was increased. Furthermore, less sGC-␣1 mRNA coimmunoprecipitated with HuR in pulmonary arteries from 2-day CH-compared with normoxia-exposed mice. These findings suggest that a decrease in HuR-dependent sGC-␣1 mRNA stabilization mediates the reduction in its expression after short-term exposure to CH (2 days). The increased sGC-␣1 expression over 2-day CH values after 21 days of hypoxia exposure in both strains of mice is consistent with previous reports showing that in adult animals, long-term CH induces an increase in sGC mRNA, protein, and enzyme activity (2, 3, 13, 16, 31, 36, 43-45, 68, 89) . NO/ cGMP signaling is not only involved in VSMC relaxation but also is antiproliferative (46) . Therefore, it is possible that sGC upregulation offsets the increased PASMC proliferation that occurs during CH-induced pulmonary arterial remodeling (5, 63, 74, 87) . Along these lines, we have shown that NFATc3 is involved in CH-induced increases in pulmonary arterial wall thickness with upregulation of SM ␣-actin (12), suggesting that NFATc3 mediates PASMC hypertrophy rather than proliferation in mice. However, the significance of hypoxia-induced increases in sGC-␣1 levels and activity is not completely understood and has to be further investigated. It has been suggested that the upregulation of sGC-␣1 induced by hypoxia in the pulmonary vasculature may be a mechanism of physiological adaptation to or modulation of pulmonary hypertension, antagonizing/offsetting the vascular remodeling and increased vasoconstriction (44, 65) . In support of this hypothesis, chronic inhibition of PDEs or activation of sGC in hypoxic lungs reverses pulmonary hypertension (14, 51, 74, 87) . In addition, chronic inhibition of sGC by 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ), a selective inhibitor, augments vasoconstriction in hypoxic lungs but not in normoxic control rat lungs (19) .
On the contrary, it also has been proposed that CH-induced elevations in vascular production of reactive oxygen species scavenge NO and oxidize sGC (32, 54, 77) , thereby reducing NO-dependent activation of sGC and attenuating NO-dependent pulmonary vasodilation (7, 32, 56) . Therefore, although the components of the NO pathway are upregulated, they may not be effectively preventing the development of pulmonary hypertension during CH.
Indeed during CH, PASMC exhibit reduced K V channel activity and expression (53, 67, 85) with increased receptor potential channel activity and expression (83, 84) , leading to increased intracellular Ca 2ϩ levels and pulmonary vasoconstriction. Increases in intracellular Ca 2ϩ have been linked to SMC hypertrophy and vascular remodeling (62) . Along these lines, NFATc3 activation downregulates the expression of K V 2.1 and the ␤-subunit of BK channels, thereby increasing cerebral arterial VSMC contractility (1, 57) . Both NFATc and sGC/PKG pathway are linked to SM phenotypic maintenance (20 -25) through regulation of the expression of SM myosin heavy chain, SM ␣-actin, ␣ 1 -integrin, and caldesmon genes (4, 8, 22, 46, 47, 58, 82) . Therefore, NFATc3 regulation of sGC-␣1 also may be part of the repertoire of genes that control the maintenance of SM contractile phenotype contributing to the increased vasoreactivity and/or remodeling observed in pulmonary hypertensive animals (33, 34, 55, 67, 78) . On the other hand, it has been demonstrated that the NFATc2 isoform mediates PASMC K V 1.5 downregulation and increased proliferation in HPASMC from idiopathic pulmonary hypertensive patients (5). In the same study, CsA reduced monocrotaline-induced pulmonary hypertension and pulmonary arterial remodeling in rats by increasing PASMC K V 1.5 and inducing PASMC apoptosis. Therefore, in our study we cannot discard the possibility that early activation of another NFATc isoform linked to PASMC proliferation triggers sGC-␣1 downregulation. However, our results are not consistent with this possibility, because CsA, which inhibits calcineurin and therefore all NFATc isoforms, did not prevent 2-day CH-induced sGC-␣1 downregulation in pulmonary arteries. In addition, we have previously demonstrated that NFATc3 is the isoform activated in mouse pulmonary arteries exposed to CH and that the same dose of CsA effectively prevents CH-induced NFATc activation (12) .
Our in vivo findings in mice are consistent with our molecular findings of sGC-␣1 promoter regulation by NFATc3. Little is known about transcriptional regulation of sGC-␣1. Vazquez-Padron et al. (81) have elegantly characterized the mouse sGC-␣1 promoter, determined sequence homology with other species, and identified the initiation transcription site. A recent publication has implicated NFATc as a negative regulator of the human sGC-␣1 and -␤1 promoter. Marro et al. (52) showed that deletion of a putative NFATc binding site from these promoters increases activity in human aortic SMC, suggesting a repressor effect of NFATc. However, NFATc binding to these sites was not confirmed by either ChIP or electrophoretic mobility shift assay. In addition, the 0.3-kb fragment of the human sGC-␣1 promoter studied by Marro et al. has only 44% homology with the mouse sequence (52) and is very close to the transcription start site (Ϫ100 bp). In the present study, the identified NFATc binding site (site 3) in the mouse sGC-␣1 promoter present in chromosome 3 region 81950726-81950739 has 78.6% identity with the human sGC-␣1 gene upstream regulatory region present in chromosome 4 (156806032-156809745) (61) . Site 3 is present at position Ϫ955 from the transcription start site, which is a region excluded in the analysis performed by Marro et al. in the human sGC-␣1 gene. Our results show that a single nucleotide mutation in this site drastically decreases mouse sGC-␣1 promoter activity. The mutation did not generate a new putative computationally identified site. Site 3 does not overlap with any other previously described transcription factor, but it is in close proximity to other NFATc, Sp-1, and NF-B sites. It has been shown previously that Sp-1 contributes to the expression of the sGC-␣1 subunit in resting pituitary cells (35) . The other interesting finding from the analysis of sGC-␣1 upstream region, performed by VazquezPadron et al. (81) , is the presence of p300/cAMP response element binding protein (CBP) binding sites conserved between rodents and human. p300/CBP forms a complex with several transcription factors, including NFATc, regulating transcription through chromatin acetylation. It has been shown that p300/CBP can influence different physiological processes, including but not limited to cell growth, proliferation, and differentiation (9) . Future studies are needed to address the NFATc transcriptional cofactors, such as AP-1 or GATA, that also are upregulated by CH (37, 75) , along with NF-B, Sp-1, serum response factor (SRF), or p300/CBP (11), all of which have putative binding sites described in the mouse sGC-␣1 promoter (81) and have been implicated in phenotypic modulation of VSMC.
Another important finding derived from our studies, confirming data previously shown by Vazquez-Padron et al. (81) , is that sGC promoter activity under basal conditions is higher in SMC compared with non-smooth muscle-derived cells. In addition, sGC promoter responded to NFATc activation greatly in HPASMC Ͼ RAoSMC Ͼ HEK, highlighting the importance of sGC and NFATc for SMC biology.
In conclusion, NFATc3 promotes mouse sGC-␣1 transcription in pulmonary arteries under basal and long-term exposure to CH. In addition, short-term exposure to CH increases HuR nuclear localization, decreasing sGC-␣1 expression independently of NFATc3. This study further supports NFATc3 as an important regulator of smooth muscle gene transcription in pulmonary hypertension.
